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ABSTRACT

Here, we reported the compendium of protein lysine
modifications (CPLM 4.0, http://cplm.biocuckoo.cn/),
a data resource for various post-translational mod-
ifications (PTMs) specifically occurred at the side-
chain amino group of lysine residues in proteins.
From the literature and public databases, we col-
lected 450 378 protein lysine modification (PLM)
events, and combined them with the existing data of
our previously developed protein lysine modification
database (PLMD 3.0). In total, CPLM 4.0 contained
592 606 experimentally identified modification events
on 463 156 unique lysine residues of 105 673 proteins
for up to 29 types of PLMs across 219 species. Fur-
thermore, we carefully annotated the data using the
knowledge from 102 additional resources that cov-
ered 13 aspects, including variation and mutation,
disease-associated information, protein-protein in-
teraction, protein functional annotation, DNA & RNA
element, protein structure, chemical-target relation,
mRNA expression, protein expression/proteomics,
subcellular localization, biological pathway anno-
tation, functional domain annotation, and physico-
chemical property. Compared to PLMD 3.0 and other
existing resources, CPLM 4.0 achieved a >2-fold in-
crease in collection of PLM events, with a data vol-
ume of ~45GB. We anticipate that CPLM 4.0 can
serve as a more useful database for further study
of PLMs.

INTRODUCTION

Protein lysine modifications (PLMs) belong to a sub-class
of post-translational modifications (PTMs) that covalently
attach small-molecule moieties or small proteins to posi-

tively charged e-amino groups of specific lysine residues in
protein sequences, in a reversible manner (1-3). In 1964, two
types of PLMs, acetylation and methylation, were first dis-
covered to modify histone lysine residues by Vincent All-
frey and his colleagues (4). These ‘relatively minor mod-
ifications’ were generally regarded as constitutive and in-
ert marks in histones (4), until the discovery of GCNS5 as
the first histone acetyltransferase (HAT) from Tetrahymena
thermophile, a ciliated protozoan, by C. David Allis and
James E. Brownell in 1996 (5,6). Later, it was demonstrated
that the lysine residue is particularly active and can be reg-
ulated by a variety of PLMs, including acylation modifi-
cations such as acetylation (7), crotonylation (8), succiny-
lation (9) and lactylation (10), ubiquitin and ubiquitin-
like (Ub/Ubl) conjugations such as ubiquitination (11) and
sumoylation (12), and other types of PLMs such as methy-
lation (13) and lipoylation (14). PLMs occurred at histone
lysine residues constitute the ‘histone code’ together with
other histone modifications, and play a critical role in tran-
scriptional regulation and gene expression (15,16). PLMs
also extensively occur at non-histone proteins, change their
activity, stability and trafficking (17), and regulate a va-
riety of biological processes such as signal transduction,
metabolism, and autophagy (7,18,19). PLMs are precisely
regulated in vivo, and the dysregulation of PLMs is highly
associated with human diseases such as cancer, neurodegen-
erative diseases and metabolic disorders (20,21).

With the rapid progress of mass spectrometry-based tech-
nology and development of PLM-specific antibodies, a
large number of protein substrates and sites have been
identified for both well-characterized and newly discovered
PLMs, in a high-throughput manner (22-25). For exam-
ple, using a diglycine (diGly, K-e-GG) antibody and a pan-
acetyl antibody, Elia et al quantified the changes of 33
500 ubiquitination and 16 740 acetylation sites in HelLa
cells responding to ultraviolet or ionizing radiation, and dis-
covered many new PLM substrates in regulation of DNA
damage response (DDR) (22). By developing a pan-benzoyl
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antibody, Yingming Zhao’s group discovered a novel PLM
type, lysine benzoylation (Kbz), and identified 22 Kbz sites
in core histone proteins from mammalian cells (23). They
also developed a pan-lactyl antibody and discovered a novel
lactate-derived PLM by identifying 28 lysine lactylation
(Kla) sites on histones in human and mouse cells (10). More
recently, Zhao’s group developed a highly efficient pan-
B-hydroxybutyryl antibody, and identified 3248 lysine -
hydroxybutyrylation (Kbhb) sites on 1397 proteins (24,25).
Due to the biological importance of PLMs, collection, cu-
ration, integration and annotation of experimentally iden-
tified PLM events will provide a highly useful data resource
for further experimental consideration and biomedical de-
sign.

In 2011, we developed the compendium of protein lysine
acetylation (CPLA, v1.0), containing 7151 known acety-
lation sites in 3311 proteins (26). Later, we made a con-
siderable improvement and released the compendium of
protein lysine modifications (CPLM, v2.0), containing 203
972 modification events on 189 919 sites of 45 748 pro-
teins for 12 PLM types across 122 species (27). In 2017,
the v3.0 contained 284 780 modification events in 53 501
proteins across 176 species for 20 PLM types, with a 39.6%
increase of the PLM events (28). During the past years,
we continuously maintained and updated the database,
and CPLM 4.0 contained 592 606 modification events on
463 156 unique lysine residues of 105 673 proteins for
29 types of PLMs across 219 species, with a >2-fold in-
crease in PLM events. Also, we carefully annotated the
data by integrating the knowledge from 102 additional re-
sources. Compared to v3.0 (~150MB), CPLM 4.0 (~45GB)
has a ~300-fold increase in the data volume. We believe
that CPLM 4.0 can be more helpful for the scientific
community.

CONSTRUCTION AND CONTENT
Data collection, curation and integration

In this update, we mainly focused on expanding new
PLM events and types from the literature and public
PTM databases (Figure 1A). First, we individually used
multiple keywords to search PubMed, and manually
curated the abstract or full text of each returned paper
published after 1 January 2017. These keywords included
but were not limited to ‘acetylation’, ‘lactylation’, ‘B-

hydroxybutyrylation’,  ‘succinylation’,  ‘crotonylation’,
‘benzoylation’,  ‘2-hydroxyisobutyrylation’, ‘malonyla-
tion’, ‘butyrylation’, ‘propionylation’, ‘glutarylation’,

‘formylation’, ‘3-hydroxyl-3-methylglutarylation OR HM-
Gylation’, ‘3-methylglutaconylation OR MGcylation’,
‘3-methylglutarylation OR MGylation’, ‘ubiquitination’,
‘sumoylation’, ‘neddylation’, ‘pupylation’, ‘methylation’,
‘diethylphosphorylation’,  ‘carboxymethylation’,  ‘car-
boxyethylation’, ‘carboxylation’, ‘phosphoglycerylation’,
‘glycation’, ‘hydroxylation’, ‘lipoylation’ and ‘biotinyla-
tion’. To avoid missing any important studies, we also used
additional keyword combinations, such as ‘acetyl AND
lysine’, ‘acetylated AND lysine’, ‘ubiquitinated AND
lysine’, ‘SUMO AND lysine’ and other similar terms, to
find more related studies on PLMs.

To obtain the position information, all col-
lected PLM peptides were mapped to a merged
file of uniprot_sprot.fasta, uniprot_trembl.fasta and
uniprot_sprot_varsplic.fasta downloaded from UniProt
(Benchmark  sequences, release version  2020-05,
ftp://ftp.uniprot.org/) (29), according to the species in-
formation. In UniProt, the accession numbers of proteins
are organized in a chronological order with the initial
character of O, P, Q, A, B and so on. For a PLM site
mapped with multiple identical sequences, we only reserved
the most anterior sequence to avoid the redundancy. In
total, we collected 236,885 non-redundant PLM events on
200 723 lysine residues of 60 896 protein substrates from
the literature (Supplementary Table S1).

Next, we integrated these newly reported PLM events
with the existing data in PLMD 3.0 (28) and nine additional
public databases, including dbPTM (30), ProteomeScout
(31), iPTMnet (32), BioGRID (33), PhosphoSitePlus (34),
mUbiSiDa (35), HPRD (36), ActiveDriverDB (37) and
UniProt (29) (Figure 1A). Again, all PLM sites were re-
mapped to UniProt for redundancy clearance. Finally, we
obtained 592 606 non-redundant modification events on
463 156 lysine residues of 105 673 protein substrates for
29 PLM types across 219 species (Figure 1B, Supplemen-
tary Table S1). Compared to PLMD 3.0 and other existing
databases, CPLM 4.0 achieved a >2-fold increase in col-
lection of PLM events. Another public resource, BloGRID
(33), only contained 226 210 ubiquitination sites in 15 478
proteins.

A multi-layer annotation of PLM substrates and sites

CPLM 4.0 was developed as a protein-centred database.
To organize the database, a CPLM ID was automatically
generated as the primary accession for each PLM sub-
strate, e.g., CPLMO017735 for a core histone protein H3C1
in Homo sapiens. For each protein entry, the basic annota-
tions such as UniProt/RefSeq/Ensembl accession numbers,
protein name/synonyms, gene name/synonyms, gene ID,
NCBI Taxa ID, functional descriptions, protein sequence,
nucleotide sequence, Gene Ontology (GO) terms and key-
words were integrated from UniProt (29), and a typical
protein 3D structure was selected from PDB (38) if avail-
able, for visualization of known PLM sites. For each PLM
site, the modification position, a flanking peptide with a
length of 15 aa around the middle residue, the modification
type and the reference information with PMIDs were pro-
vided. For PLM sites identified from high-throughput stud-
ies, the original PLM peptides detected by mass spectrom-
etry, cell or tissue sources, and software packages for data
processing were reserved if provided. For some data pro-
cessing tools such as MaxQuant, the localization probabil-
ity (LP) score would be computationally assigned to each
PLM site (39). The LP score ranges from 0 to 1, and a
higher LP score denotes a higher probability of a site to
be a real PLM site. Similar to the analysis of phosphoryla-
tion (39), here we classified the high-throughput PLM sites
into four categories, including class I (LP > 0.75), class II
(0.5 < LP < 0.75), class IIT (0.25 < LP < 0.5) and class
IV (LP < 0.25). In CPLM 4.0, there were 141,068 (99.25%)
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Figure 1. The procedure for development of CPLM 4.0. (A) First, we manually collected experimentally identified PLM substrates and sites from PubMed.
We also integrated the existing data of 10 public databases, including PLMD 3.0 (28), dbPTM (30), ProteomeScout (31), iPTMnet (32), BioGRID (33),

PhosphoSitePlus (34), mUbiSiDa (35), HPRD (36), ActiveDriverDB (37
PLM proteins and sites, using the knowledge from 102 additional datab

) and UniProt (29) (Supplementary Table S1). Furthermore, we annotated the
ases that covered 13 aspects: (i) variation and mutation; (ii) disease-associated

information; (iii) protein—protein interaction; (iv) protein function; (v) DNA & RNA element; (vi) chemical-target relation; (vii) protein structure; (viii)
mRNA expression; (ix) physicochemical property; (X) protein expression/proteomics; (xi) subcellular localization; (xii) biological pathway; (xiii) domain

annotation (Supplementary Table S2). Kla, lysine lactylation; Kcr, lysine
Kub: lysine ubiquitination; Kac, lysine acetylation; Ksuce, lysine succiny
other existing resources.

Class I sites, 659 (0.46%) Class II sites, and 405 (0.28%)
Class III sites. To ensure the data quality, the Class IV sites
were discarded.

In addition to the literature and basic annotations,
we further compiled the knowledge from 102 addi-
tional databases and carefully annotated the PLM pro-
teins and sites, especially human PLM substrates and
sites. These public resources covered 13 aspects: (i) vari-
ation and mutation; (ii) disease-associated information;
(iii) protein—protein interaction; (iv) protein function;
(v) DNA & RNA celement; (vi) protein structure; (vii)
chemical-target relation; (viil) mRNA expression; (ix) pro-

crotonylation; Kmal, lysine malonylation; Kbhb, lysine B-hydroxybutyrylation;
lation. (B) A comparison of PLM events and proteins between CPLM 4.0 and

tein expression/proteomics; (x) subcellular localization; (xi)
biological pathway; (xii) domain annotation; (xiii) physic-
ochemical property (Figure 1A, Supplementary Table S2).
The distribution of numbers of annotation entries was
counted, and it could be found that up to 217 species had
at least one entry (Supplementary Table S3). Obviously,
PLM substrates and sites in H. sapiens had the most an-
notations, with a total of 699 440 281 entries (94.12%). De-
tails on processing the annotations of each resource were
carefully described in Supplementary Methods. All data
sets and annotations in CPLM 4.0 could be downloaded
at http://cplm.biocuckoo.cn/Download.php.
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The data statistics of CPLM 4.0

Previously in PLMD 3.0 (28), we classified the 20 PLM
types into three categories: (i) acylation modifications, in-
cluding acetylation, butyrulation, formylation, succinyla-
tion, propinoylation, crotonylation, glutarylation, malony-
lation and 2-hydroxyisobutyrylation; (ii)) Ub/Ubl conjuga-
tions, including ubiquitination, sumoylation, pupylation,
and neddylation; (iii) others, including methylation, lipoy-
lation, glycation, carboxylation, hydroxylation, biotinyla-
tion and phosphoglycerylation. In CPLM 4.0, we added
six new acylation modifications including lactylation, B-
hydroxybutyrylation, benzoylation, HMGylation, MGcy-
lation and MGylation, and three other PLMs, including
carboxymethylation, carboxyethylation and diethylphos-
phorylation. The numbers of modification events and pro-
teins were shown for each PLM type (Figure 2A). Obvi-
ously, ubiquitination had the most PLM events (235 888
events, 39.80%), whereas acetylation held the second po-
sition and had the most acylation events (208 299 events,
35.15%) (Figure 2A). Of note, sumoylation occupied the
third position (53 483 events, 9.02%), mainly due to the
advance in proteomic technology. In 2017, Hendriks et al.
significantly improved the K0O-SUMO strategy that used
a lysine-deficient SUMO protein, and identified 40 765
sumoylation sites in 6747 human proteins (40). The dis-
tribution of different types of PLM sites and proteins was
counted for each species (Supplementary Table S4), and the
top 10 species with the most PLM proteins were visualized
by Heat map Illustrator (Heml) (41) (Figure 2B). Com-
pared to PLMD 3.0 (28), the numbers of reported PLM
substrates were dramatically increased to a considerable
number of species. For example, PLMD 3.0 only contained
2018 PLM events in Oryza sativa subsp. japonica, whereas
this number was 22 349 with a >11-fold increase in CPLM
4.0. Also, there were only 62 PLM events in Sus scrofa main-
tained by PLM 3.0, while 2711 PLM events of 924 pig pro-
teins were collected in CPLM 4.0.

Next, we analyzed the sequence preference around the
modification sites for each of the 22 PLM types with enough
data, using a sequence logo generator pLogo (https://plogo.
uconn.edu/) (42). From the results, it could be found that
acidic amino acids (D/E) preferred to locate at the —1 posi-
tion of 2-hydroxyisobutyrylation, acetylation, and crotony-
lation sites, at the —2 position of sumoylation sites, and at
+1 and +2 positions of succinylation sites (Supplementary
Figure S1A). Also, the basic amino acid K preferentially
occurred at the +4 position of benzoylation and lactyla-
tion sites (Supplementary Figure SIA). The motif analy-
sis demonstrated that distinct sequence profiles were recog-
nized by different PLM types.

Moreover, the co-occurrence of PLM events on the same
lysine residues were pairwisely analyzed. In total, we iden-
tified 87 608 PLM sites (18.92%) could be regulated in situ
by at least two PLM types, indicating a widespread exis-
tence of PTM crosstalks (Supplementary Figure S1B, Sup-
plementary Table S5). From the results, we found 687 pro-
teins containing at least one site to be regulated by the top
5 abundant acylations, including acetylation, succinylation,
malonylation, 2-hydroxyisobutyrylation and crotonylation
(Figure 2C). A hypergeometric test-based analysis detected

that biological processes related to translation, transcrip-
tion and metabolism were highly enriched (Figure 2D, P-
value < 1E-18), supporting the functional importance of
these multiply modified substrates (43,44). In addition, we
used TUPred (https://iupred.elte.hu/) (45), an online service
to predict disordered regions in proteins, and the disorder
propensity scores were calculated for sites of the top 5 abun-
dant acylations. From the results, it could be found that all
the five types of acylation sites preferred to locate in disor-
dered regions (Supplementary Figure S1C, >70%).

USAGE

The online service of CPLM 4.0 was developed in an easy-
to-use manner. Here, we took the human histone pro-
tein H3C1, newly discovered to be regulated by lactylation
(10), as an example to describe the usage of CPLM 4.0.
In the browse page, we implemented two types of brows-
ing options, including ‘Browse by Modification Types’ and
‘Browse by species’. In the former option, users could click
on ‘Lactylation’ and then choose ‘Homo sapiens’ to access
a tabular list of all human lactylation substrates (Figure
3A). For the latter, users could first click on ‘Homo sapi-
ens’ and then ‘Lactylation’ to return the same result (Fig-
ure 3B). By clicking on the CPLM ID ‘CPLMO017735’, the
protein page of H3C1 could be viewed (Figure 3C). An ‘En-
larging’ button was implemented below the structure win-
dow, and allowed the protein 3D structure of human H3Cl1
to be viewed in a larger window. Besides the basic informa-
tion and details on known PLM sites, additional annota-
tions could be accessed either by clicking the ‘Annotation’
button in the left bar, or by clicking the ‘Integrated Annota-
tion’ icon adjacent to the CPLM ID (Figure 3C). Then, each
type of additional annotations could be presented by click-
ing on its corresponding name. For example, users could
click on ‘ICGC’ under the variation & mutation section to
view all cancer missense mutations identified in H3C1 gene,
from International Cancer Genome Consortium (ICGC)
(46) (Figure 3D).

Also, multiple search options were implemented. In the
search page (http://cplm.biocuckoo.cn/Search.php), there
were four options including ‘Substrate Search’, ‘Advanced
Search’, ‘Batch Search’ and ‘BLAST Search’ provided for
searching the data in CPLM 4.0 (Supplementary Figure
S2). The ‘Substrate Search’ option was also present at the
home page, and users could click on ‘Example’ and then
‘Submit’ to search human H3Cl and its analogs in other
species (Supplementary Figure S2A).

DISCUSSION

In recent years, great attention has been paid on the iden-
tification of PLM substrates and sites, as well as the dis-
covery of new PLM types, mainly due to the functional
importance of various PLMs in regulation of gene expres-
sion outputs and metabolic reprogramming in response to
changes of the cellular or external environment, while ab-
normal PLM regulations are frequently associated with hu-
man diseases (1-3,7,15-21). The continuous collection, in-
tegration, biocuration and annotation of experimentally
identified PLM events will provide a fundamental resource
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for further analysis of molecular mechanisms and regula-
tory roles of PLMs. Previously, we developed CPLA 1.0
(26), CPLM 2.0 (27) and PLMD 3.0 (28) for this purpose.
In this study, the latest release CPLM 4.0 contained 592 606
PLM events occurred on 463 156 unique lysine residues of
105 673 proteins across 219 species, and expanded the PLM
types from 20 to 29. Compared to PLMD 3.0 and other ex-

isting databases (28-37), CPLM 4.0 had a >2-fold increase
in collection of PLM events, with a data volume of ~45GB.

Besides the basic information and details on modifica-
tion sites of each protein entry, additional annotations from
102 additional resources were integrated to cover 13 as-
pects. For example, from the Catalogue Of Somatic Muta-
tions In Cancer (COSMIC) (47), there were 124 records of
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ENST00000369163 MU129869944 UCEC-US 6 27777962 27777962 missense_variant K36N 1MG>T 36
ENST00000356476 MU131024143 LAML-US 6 26197396 26197396 missense_variant K27M 83A>T 27
EN: MU14741 BRCA-US 6 27858488 27858488 missense_variant K27R 83A>G 27
ENST00000369163 MU128913283 GACA-JP 6 27777865 27777865 missense_variant Kam 14A>T 4
ENST00000369163 MU128913283 HNSC-US 6 27777865 27777865 missense_variant Kam 14A>T 4
ENS’ MU4734422 KIRP-US 6 27858516 27858516 missense_variant K18Q 55A>C 18

Figure 3. The browse options of CPLM 4.0. (A) Browse by modification types. (B) Browse by species. (C) The tabular list and the protein page of human
H3C1. Besides the basic information and details on PLM sites, additional annotations could be accessed. By clicking on the ‘Enlarging’ button under the
structure window, the protein 3D structure of human H3ClI could be viewed in a larger window. (D) The annotation page of H3C1. As an example, ICGC

cancer missense mutations that change PLM sites of H3C1 were shown (46).

missense mutations that changed known PLM sites of hu-
man H3C1 protein (Figure 4). Six of the seven known lacty-
lation sites including K9, K14, K18, K23, K27 and K56
could be changed by COSMIC mutations, whereas a K79N
mutation was found in ICGC uterine corpus endometrial
carcinoma (UCEC) (46). From the disease-associated infor-
mation, acetylation and methylation of H3C1 at K27 have
been associated with a number of diseases, including blad-

der cancer, pancreatic cancer, lung cancer and breast cancer,
and obesity (48-53). Human H3C1 acts as a client protein
of liquid-liquid phase separation (LLPS) in nucleolus (54),
interacts with 2790 other proteins, is post-transcriptionally
targeted by 14 miRNAs according to the annotations in
miRTarBase (55). With 221 resolved 3D structures in PDB
(38), H3CI could be targeted by 65 chemicals, such as cal-
citriol (56), berberine (57) and coumestrol (58). According



interacting
proteins

tissues/cells Sy

Figure 4. The overview of integrated annotations for human H3C1. A brief
summary of all the 111 data resources used in this study is shown in Sup-
plementary Table S2. The details on processing each of the resources were
present in Supplementary methods.

to the annotations of The Cancer Genome Atlas (TCGA)
(59), the mRNA of H3C1 was highly expressed in thymoma
(THYM), UCEC, and uterine carcinosarcoma (UCS).

To test whether mass spectrometry-derived PLM sub-
strates and sites tend to be quantified from proteins with
high expression levels, here we re-analyzed the data sets
from 4 published studies. To study how microbial metabo-
lite biosynthesis is regulated by lysine acylation, Xu et al.
quantified the proteomes and acetylomes in wild-type (WT)
and high-yield E3 strains of Saccharopolyspora erythraea, a
model actinomycete that produces erythromycin (60). Also,
Li et al. performed a proteomic and ubiquitylomic quantifi-
cation using a pair of gefitinib-resistant and sensitive non-
small cell lung cancer (NSCLC) cell lines (61). Sap et al.
quantified proteomes and ubiquitylomes of brain lysates of
Huntington’s disease mice and normal mice (62), whereas
Karoutas et al. conducted a proteomic and acetylomic pro-
filing of mouse embryonic fibroblasts (MEFs) and embry-
onic stem cells (ESCs) with or without Mof, a major lysine
acetyltransferase responsible for histone H4K16 acetyla-
tion (63). From each study, PLM substrates mutually quan-
tified by proteomics and PLMomics were reserved, and the
scatter plot of PLM site intensities vs. protein intensities was
illustrated by the R package ggplot2 (64) (Supplementary
Figure S3). The marginal distribution of PLM site intensi-
ties or protein intensities was illustrated by the ggMarginal
function of the R package ggExtra (version 0.9). From the
results, it could be found that PLM substrates in the first
and last studies tended to be quantified from proteins with
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higher expressions (Supplementary Figure S3A, D). How-
ever, PLM sites did not have such a tendency.

For the future plan, we will continuously maintain and
update the database, when newly reported PLM substrates
and sites are available from the literature. More PLM types
and species will be included. Also, more annotations will be
integrated from additional public resources. We believe that
CPLM 4.0 can serve as a highly useful resource for further
analysis of PLMs.
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